Nausea, an unpleasant symptom of diabetic gastroparesis (DMGP), has been reported to be alleviated by needleless transcutaneous electrical acupuncture (TEA). Our study was designed to utilize electroencephalography (EEG) and electrogastrography (EGG) recordings to investigate the central and peripheral responses of TEA in the treatment of nausea in DMGP patients.
Introduction
Gastroparesis is an upper gastrointestinal (GI) disorder characterized by delayed gastric emptying without any mechanical obstruction of the gastric outlet or small intestine. [1] [2] [3] The main etiologies are diabetes, idiopathic and post-gastric, and esophageal surgical settings where vagal nerves were damaged. Common symptoms of gastroparesis are early satiety, fullness, bloating, nausea, and vomiting. The management of gastroparesis is challenging due to a limited number of available medications, their adverse effects and variable symptomatic improvement of the patients. Minimally invasive techniques including acupuncture have frequently been used for the treatment of GI symptoms predominantly in Eastern countries. The most common acupuncture points (acupoints) for alleviating GI symptoms are the Neiguan (PC6) and the Zusanli (ST36). Manual acupuncture at the PC6 acupoint is antiemetic in patients undergoing gynecological surgery. 4, 5 Electroacupuncture at the PC6 acupoint, through providing electrical stimulation, is as effective as manual needling. 4 Electroacupuncture at the PC6 acupoint reduces chemotherapy induced nausea and vomiting compared to sham acupoints. 4, 6 Recently, we have studied the efficacy of transcutaneous electroacupuncture (TEA) in healthy volunteers 7 as well as patients with gastroparesis using a sham controlled trial 8 where electrical stimulation was applied to acupoints via surface electrodes without needles. This method was well tolerated and was efficacious.
As far as we know, no studies have assessed the anatomical function of the CNS in diabetes with nausea. However, several studies have investigated abdominal pain in diabetes, utilizing the electroencephalography (EEG) and evoked potentials (EPs). 9, 10 These studies have provided some insight into the nature of diabetes-related GI complications eg, diabetic neuropathy, suggesting some critical roles for the CNS in symptom generation. Inferior frontal lobe asymmetry association with pleasant and unpleasant feelings has been reported by Craig. 11 Here we have summarized imaging results and described how right inferior frontal is more active during nausea in contrast to left inferior frontal being more dominant during pleasant stimuli eg, improvement of nausea symptoms. Electrogastrography (EGG) has been accepted as a method to record impaired myoelectrical activity such as abnormal frequency of the gastric slow wave, low amplitude and/or uncoupling of slow waves. [12] [13] [14] [15] [16] [17] Based on this background overview, our goals in this current pilot study were to investigate the central and peripheral responses to TEA in diabetic gastroparetic patients with predominant symptoms of nausea and vomiting. We have studied, therefore, (1) brain networks through analysis of EPs recorded by EEG, (2) gastric function using EGG recordings, (3) the effects of TEA on controlling nausea, and (4) correlation of findings on EEG and EGG recordings with nausea scores before, during, and after TEA therapy.
Materials and Methods

Subjects
Eleven nauseated diabetic gastroparesis (DMGP) patients (11 females, mean age 51 years old) with established gastroparesis by scintigraphic documentation were enrolled in this protocol which was approved by the Institutional Review Board of Texas Tech University Health Sciences Center, Paul L. Foster School of Medicine. Written consent was obtained from all subjects.
Patient Recruitment and Screening
Recruitment
Patients with DMGP were recruited from Dr McCallum's Clinic and treatment programs at the Texas Tech University Health Science Center at El Paso. During the recruitment process, prequalified patients were presented with a study specific consent form. After being read by the patients, it was also explained by the patient based on the "tell-me-back" method, in order to completely secure the understanding of all tests and other relevant steps of the study.
Screening
Patients with documented DMGP were asked a standardized series of questions to determine whether they met criteria for participation with respect to age, prior medical history, and having been diagnosed with DMGP as well as having daily nausea present. Patients who qualified as eligible for participation were asked a further set of standardized questions about their ability to comply with the study protocol regarding EEG and EGG recordings, the use of the TEA, and sign a medical record release to allow verification of their medical history and DMGP diagnosis.
Inclusion criteria
Inclusion criteria include: (1) males and females between ages 18-75 year old diagnosed with DMGP for at least 6 months; (2) symptomatic DMGP with nausea as a daily symptom with or with-out occasional vomiting; (3) at least 1 severe gastroparetic symptom or 2 moderate gastroparetic symptoms (see assessment of gastroparetic symptoms); (4) abnormal standard 4 hour scintigraphic gastric emptying results obtained in the past 2 years; (5) upper endoscopy or upper GI within the last year showing no evidence of obstruction or peptic ulcer; (6) no changes in patients clinical presentation which could require endoscopic testing; (7) subjects with high probability for compliance and completion of the study; and (8) average daily glucose level of < 275 mg/dL and > 75 mg/dL.
Exclusion criteria
Exclusion criteria include: (1) uncontrolled diabetes with serum glucose greater than 300 mg/dL; (2) previous gastric surgeries eg, surgical resection of the stomach, evidence of small bowel obstruction, and gastric bypass surgery for obesity; (3) severe renal failure with hemodialysis; (4) active treatment for malignancy; (5) patients requiring frequent hospitalization for frequent vomiting; and (6) patients requiring narcotics for pain management.
Experimental Protocol (See Fig. 1 
)
Eleven nauseated DMGP patients were fasted for at least 6 hours prior to the study. Patients were permitted to continue their usual medications for severe gastroparesis symptoms, specifically nausea. Prior the study, all EEG, EGG, and TEA electrodes were positioned on skin at the specific topographic points described under each of the tests. Patients underwent concurrent EGG and EEG recordings while also grading the nausea severity on a 0-10 points scale (see method session below) during the follow sequence of experiment: 30-minute baseline; 30-minute visual stimulation by a flashing/rotating checkerboard a method previously utilized by our research team; 18 30-minute visual stimulation plus TEA therapy (at PC6 and ST36 acupoints); 30-minute with TEA alone; and 15-minute post TEA. During EEG recordings, subjects were in a partially reclined position, while a visual stimuli consisting of a flashing rotating checkerboard was presented. Assessment of gastroparesis symptoms with special focusing on nausea scores were completed throughout all phases of this project.
Transcutaneous electroacupuncture
Location of acupuncture points (see Fig. 2 ). Two acupoints, ST36 (Zusanli) and PC6 (Neiguan) were chosen for the TEA therapy. These two acupoints have been traditionally used to heal upper GI symptoms and frequently chosen in research studies, including our previous studies. 7, 8, 19, 20 PC6 is a common acupuncture point used for the treatment of nausea and vomiting, whereas ST36 is one of the most frequently used acupuncture points for the treatment of gastric diseases. These 2 points were used together in a previous study in humans and were be effective in treating dyspeptic symptoms and improving gastric motility. 11 The location of ST36 (Zusanli) is at the depression inferior to tibia tubercle and one finger-breadth (the patient's thumb finger) from the anterior crest of the tibia. Anatomically, it is between the muscle anterior tibialis and muscle extensor digitorumlongus. Superficially, there are the lateral sural cutaneous nerve and the cutaneous branch of the saphenous nerve at this acupoint. Deeply, there is the peroneal nerve. PC (Pericardial meridian) 6 (Neiguang) is located at the junction of the distal one-sixth and the proximal five-sixth from the transverse crease of the wrist to the transverse cubital crease, between the tendons of palmaris longus and flexor carpi radialis. The medial antebrachial cutaneous nerve, the median nerve (deeper) and the anterior interrosseous nerve (deepest) are distributed at the location.
Transcutaneous electroacupuncture. TEA was performed continuously for 60 minutes immediately after the 30-minute recordings with visual stimuli (Fig. 1) . Both PC6 and ST36 were used for delivery of TEA. This method was developed and reported by our group. 8 For TEA through PC6, 2 cutaneous electrodes were placed prior to baseline period ( Fig. 2) : one right at the acupoint and the other 4 to 6 cm away from the acupoint along the meridian of the acupoint. For TEA via ST36 ( Fig. 2) : one cutaneous electrode right at the acupoint and the other, 4 cm down from ST36 along the same meridian.
Trains of pulses used for TEA were delivered by wrist watch like device (Fig. 1) . Pulses in each train had a frequency of 25 Hz and an amplitude range of 2-10 mA, based on patient tolerability, specifically tingling or vibratory sensation in the forearm or the leg. These parameters were previously shown to be effective in treating GI symptoms in patients with gastroparesis, scleroderma and functional dyspepsia. 7, 8, 12, [19] [20] [21] [22] Measurements of electrogastrography and electroencephalography Recording and analysis of the electrogastrography. A noninvasive method similar to electrocardiography, called electrogastrography, was used in this study. 13, 16, 17 The EGG was recorded using a multichannel recording device which is standard Food and Drug Administration-approved clinical equipment (Digitrapper EGG; MedtronicSynectics, Shoreview, MN, USA). The device consists of four identical amplifiers with cut-off frequencies of 1.8 cpm and 16.0 cpm. The data were converted from analogue to digital with a sampling frequency of 1 Hz on line and stored on an IBM-compatible computer. Patients remained at 30 degrees head elevation and were required to remain motionless in order to avoid possible artifacts derived from body movements. Fourchannel EGG signals were recorded. Six silver-silver chloride ECG electrodes were placed on the abdomen. Electrode position was as follows: 4 active electrodes (electrode 3, 2 cm above the mid-point between the xiphoid process and the umbilicus; electrode 4, 4 cm right to electrode 3; electrode 2, 4 cm 45° upper left to electrode 3; and electrode 1, 4 cm 45° upper left to electrode 2), a reference electrode (at the cross point of a horizontal line on electrode 1 and a vertical line on electrode 3), and a ground on the left costal margin.
Recording and analysis of the slow cortical evoked potential. Slow wave cortical activity was recorded with a DC amplifier (Electrode Arrays, El Paso, TX, USA). Subjects were fitted with an Electrode Arrays 68 channel cap system. 23 Electrodes were distributed evenly to facilitate accurate source reconstruction model described in literature. 24 The reference point was located between CZ and CPZ electrodes. The ground lead was placed at AFZ. EEG was amplified with an Electrode Arrays EA136 system at 1 kHz per channel. The EEG filter was provided by DC-200 Hz. Electrodes were sintered Ag/AgCl type and they were individually shielded. Impedances for each electrode were set below 5 kΩ. The EEG cap was placed on the subject's head, and gel was applied to every electrode, and the cap was then connected to an EEG amplifier. If necessary, skin was gently abraded with a blunt needle or an acupuncture needle in order to bring down impedances. Subjects sat still during the study. After the completion of the experiment, the cap and EEG electrodes were removed. The subject had the option of washing his/her hair after the study. The experiment was controlled by Sensorimotoric Systems (SensoMotoric Instruments, Inc, Boston, MA, USA), equipped with Experiment Center software. Stimulus onset was monitored by a digital port connected to the parallel port. In addition, a phototransistor monitored onset and offset on a mirrored subject monitor for simultaneous recordings in order to guarantee precise timing.
An off-line DC drift correction method based on a previous study 25 was implemented to correct for DC drift artifacts. To accurately localize the source of the EEG activity measured, a technique based on a source reconstruction method was performed. Current density source reconstruction techniques were used and constrained to the cortical surface. A boundary element model using the Montreal Neurological Institute standardized brain in the CURRY source reconstruction software (Compumedics Neuroscan, Inc, Melbourne, Australia) was used as a volume conductor. 26 The boundary element model calculates the electric potential of a current source by using triangulated brain compartments representing the brain, skull, and skin. 27 Standardized low-resolution brain electromagnetic tomography source reconstruction (sLORETA) was the method that computes images of electric neuronal activity from EEG. 28 To quantify and perform statistical comparison, regional dipoles in the orbital frontal and inferior frontal gyrus structures were computed using the BESA software (BESA Gmbh, Munich, Germany). The area under the curve for each source waveform was computed. The Montreal Neurological Institute brain anatomical MRI is provided by CURRY as a 3 dimensional image for the overlay of functional results. Skin was chosen for threshold segmentation and electrode positions for each study were imported and arranged in accordance with the 10-10 system. 23 A pre-stimulus baseline correction interval of -1 second was selected. This interval was also used for noise estimation and signal-to-noise ratio measurements.
Visual analog scale
A visual analogue scale (VAS) was used to assess the severity of nausea during each phase of the study. 29 VAS is a measurement instrument that evaluates a characteristic of values which cannot be measured directly. VAS is a horizontal line, 100 mm in length, described by a specific number, 0 to an extreme 10, at each end. The patient marks on the line the point representing subjective perception of the current state, which when is read in millimeters from the left end to the point marked by the patient, shows the progression/ regression of severity of nausea, as an expression of changes in individual patients.
Data Analysis
Data analyses were performed to assess. (1) Findings and distribution of EEG patterns in patients with nausea: the EEG data was analyzed by using independent component analysis and analysis of variance. To accurately localize the source of the EEG activity measured, source reconstruction was performed. Both dipole fit and current density source reconstruction techniques were used. 28 (2) The percentage of normal slow waves on EGG recordings, and identification of slow wave dysrhythmia in nauseated gastroparesis patients: previously validated spectral analysis methods were used to derive the following parameters from the EGG 13, 16, 17 : (a) dominant frequency and power of the slow waves, (b) the percentage of normal 2-4 cycles/min slow waves, and (c) the percentage of tachygastria, bradygastria, or arrhythmia. (3) Effects of TEA on EEG and EGG patterns, as well as changes of nausea scores: the baseline data were compared with those with TEA using the paired Student's t test. Correlations between EGG, EEG, and symptoms were obtained using Pearson correlation analysis.
Statistical Methods
All data were presented as means ± SE. The analysis of variance (ANOVA) was used to compare differences in nausea scores, EGG parameters and EEG activity among 3 or more recording periods. The paired Student's t test was applied to investigate differences in any of the parameters between two sessions. Statistical significance was assigned for P < 0.05.
Results
Effects of Visual Stimuli on Severity of Nausea, and Responses to Transcutaneous Electroacupuncture Treatment
The mean nausea score in 11 gastroparetic patients was 3.5 ± 1.0 (SE) at the baseline and increased to 5.9 ± 1.5 with visual stimuli (P < 0.01). The nausea score then decreased to 3.5 ± 1.2 with visual stimuli plus TEA, decreased further to 2.5 ± 1.3 with TEA alone, and was sustained 2.9 ± 1.0 post TEA. All results were significantly reduced (P < 0.05) versus the level of nausea with visual stimulation and before TEA was initiated (Fig. 3) .
Effects of Visual Stimuli on Gastric Slow Waves and Responses to Transcutaneous Electroacupuncture Treatment
The mean percentage of normal gastric slow waves was decreased to 60.0 ± 5.7% with visual stimuli with no TEA (P < Nausea score Journal of Neurogastroenterology and Motility 0.05 vs 66.6 ± 4.5% at baseline); then improved to 69.2 ± 4.8% with visual stimuli plus TEA, improved further to 70 ± 3.6% with TEA alone and was sustained 70 ± 4.8% post TEA (all significant, P < 0.05, vs visual stimuli with no TEA) (Fig. 4) .
Effects of Visual Stimuli on Inferior Frontal Lobe Activity and Responses to Transcutaneous Electroacupuncture Treatment
During initial visual stimulation, based on construction of the EEG signals the right inferior frontal activity was prominent but when the visual stimuli was presented simultaneously with TEA, left inferior frontal activity became predominant. This effect of TEA on left inferior frontal activity was also observed after TEA had stopped suggesting a carryover effect resulting from this treatment (Fig. 5) .
Correlation of Frontal Asymmetries with Nausea Scores and Electrogastrography Signals (See Fig. 6 and Table) Evidence of the right inferior frontal lobe activation was found at the baseline with a mean nausea score of 3.5 ± 1.0 and percentage of normal gastric slow waves of 66.6 ± 4.5%. After visual stimuli, a large activation of the right inferior frontal gyrus and parietal lobe were observed (AUC: -13.89 nA/mm 2 ) with increased nausea score of 5.9 ± 1.5 and decreased percentage of normal gastric slow waves of 60.0 ± 5.7%. During TEA, activation of the left interior frontal gyrus became predominant (AUC: 15.87 nA/mm 2 ) with improved nausea scores of 3.5 ± 1.2 and enhanced percent- 
Discussion
Our study conducted on nauseated diabetic gastroparetic patients showed that: (1) visual stimuli increased nausea symptoms, impaired gastric slow waves, and activated the right inferior frontal lobe, which is presented in the literature as the area of unpleasant stimuli perception and (2) application of TEA therapy decreased the visually induced nausea symptom, prevented the impairment of gastric slow waves, and changed the dominance from right to left inferior frontal lobe activity which is related to sensing pleasant stimuli.
We found that TEA improved visual stimuli-induced nausea symptoms, which is in agreement with previously presented results showing that, acupuncture and electroacupuncture were able to improve gastric motility and alleviate symptoms of upper abdomen, including nausea and vomiting. In canines, McNearney et al, 30 demonstrated that electroacupuncture at PC6 reduced vasopressininduced nausea and vomiting mediated via the vagal mechanism. Ouyang et al, 31 reported that electroacupuncture at points PC6 and ST36 significantly accelerate gastric emptying in dogs via the vagal mechanism. Clinically, there is evidence that acupuncture at PC6 and ST36 improved dyspeptic symptoms including nausea and vomiting and GMA in gastroparetic patients. 8 These data indicate that electroacupuncture is able to improve nausea and vomiting of different causes. EGG is an accurate and reliable measure for studying GMA.
12,13
The present study found a significant effect of the visual stimuli on GMA. The visual stimuli decreased the percentage of normal slow waves in the fasting state, attributed to an increase in bradygastria and tachygastria. The effect of stress on gastric slow waves was shown by Imai et al 32 who demonstrated an increase in tachygastria with a decrease in the normal slow waves induced by optokinetic motion sickness. Also, Chen et al 33 showed that audio stimulation (noise) impaired percentage of normal gastric slow wave in adolescents. In addition, Riezzo et al, 34 found similar effects on gastric slow waves by different forms of stress, such as cold water and arithmetic task. Our study demonstrated that TEA normalized visual stimuliinduced impairment of GMA. Conventional needle-based EA has been used to treat gastric dysmotility. Ouyang et al 31 showed that EA at ST36 improved vagotomy-induced impairment of gastric accommodation in dogs but had no effects on gastric accommodation in normal dogs. Some other studies also found ameliorating effects of EA on GMA. EA at ST36 restored rectal distentioninduced impairment in gastric slow waves in dogs and increased the spikes in rabbits. [35] [36] [37] EA at ST36 improved the percentage of normal gastric slow waves as well as the percentage of tachygastria in healthy volunteers. 38 Liu et al 21 reported that 2-week TEA at ST36 decreased dyspepsia symptoms and elevated vagal activity in patients with functional dyspepsia. Two-week daily TEA at ST36 improved GI symptoms and quality of life in systemic sclerosis. 22, 30 To our knowledge, no study has ever explored the effects of TEA on visual stimuli-induced gastric slow wave abnormalities. The cortical imaging of slow potentials in the brain as recorded by EEG showed a high correlation (r = 0.986) between the onset of TEA and a shift away from the right inferior frontal gyrus to the left inferior frontal gyrus. 28, 39, 40 The left-right frontal asymmetry is most often characterized as an asymmetry in the alpha activity recorded over the F7 and F8 electrodes which are directly over the inferior frontal gyrus. Here we demonstrate that this affect ex- tends to nausea, to our knowledge, for the first time. This result is consistent with previous data reported by Craig. 11 In our study, we explored the alpha rhythm, but found the largest effects in synchronized slow waves associated with the onset of the nausea inducing stimuli. Indeed our results were more sensitive and statistically robust than data presented based on previously conducted behavioral studies. 11, 41 We understand that the lack of the Sham TEA arm of the study hampers our results. Due to the pilot nature of this project, we decided to focus on the efficacy of real TEA stimulation in order to assess whether any changes in functional brain images were able to be recorded and if there was any correlation between brain images and the different phases of the experiment. Further research should incorporate a "Sham" arm and further investigate the findings and observations we have described in this pilot study.
In summary, in patients with diabetic gastroparesis and ongoing nausea: (1) needleless TEA treatment improves nausea and gastric slow waves abnormalities exacerbated by visual stimulation. (2) TEA during visual stimulation results in the shift of dominance from right to left inferior frontal brain lobe activity. This effect is sustained post TEA and is correlated with reduced nausea and improved EGG signals.
We believe that TEA therapy is efficacious in reducing nausea in DMGP patients. These data show the importance of frontal asymmetry as a central mechanisms of nausea and how needleless transcutaneous electrical acupuncture affects this pathway. This model which we have utilized for studying nausea in DMPG could provide new insights into mechanisms and treatment targets as well as have the potential to investigate other GI related etiologies of nausea and vomiting. 
